Introduction
Upon exposure to ulcerogenic or necrotizing insults, the gastrointestinal mucosa develops characteristic morphological, ultrastructural, and functional changes that reflect the disruption of the mucosal barrier (1, 2) . Intestinal epithelial cells form a biochemical and physical barrier against the immunogenic luminal environment, and the collapse of epithelial integrity is thus associated with intestinal mucosal disorders, including inflammatory bowel disease and epithelial cancer (3, 4) . Healing of mucosal erosion in response to deep mucosal injuries requires reconstruction (reepithelialization) of the surface glandular epithelial structures and the lamina propria, including the mucosal microvascular network, nerves, and connective tissue cells, to fill the mucosal defect (2, 5) . Most events in repair processes in response to ulcerative injuries are controlled by a variety of human growth factors that can modulate extracellular matrix formation, cell migration, and cell differentiation depending on the context of the injury and the tissue-specific conditions (6, 7) . The gastrointestinal mucosa has a remarkable ability to repair damage with the support of the epidermal growth factor (EGF), which stimulates cell migration and extracellular matrix formation (8, 9) . Intravenous treatment with EGF protein in gastric ulcer patients is effective at triggering ulcer healing (10) . Moreover, an oral trial with high doses of recombinant human EGF enhanced the process of wound repair in the gastrointestinal tracts of patients (11, 12) . However, less than 1% of protein drugs administered orally arrive at the target because of their instability and degradation in the digestive tract (13) . A protected and enhanced delivery system is required to overcome the problem associated with the application of oral recombinant therapeutics for intestinal ulcerative disease.
Among various protein drug delivery systems, intestinal commensal bacteria or probiotics can carry and deliver key medicinal components to injured epithelial targets, such as those in patients with intestinal ulcerative diseases, including inflammatory bowel disease (14, 15) . Genetically modified probiotics might be a good alternative to mucosal biotherapy as a live, safe carrier. Escherichia coli strain Nissle 1917 (O6:K5:H1, EcN) is a nonpathogenic fecal isolate that has been used as a probiotic agent in human and Although mucoactive proteins, such as epidermal growth factor (EGF), could improve clinical outcomes of intestinal ulcerative diseases, their gastrointestinal application is limited because of their proteolytic digestion or concerns about tumor promotion. In the present study, ATPbinding cassette (ABC) transporter-linked secretion of human EGF from probiotic Escherichia coli (EGF-EcN) was created to promote beneficial actions of the EGF receptor, which is notably attenuated in patients with intestinal ulcerative injuries. Preventive and postinjury treatment with EGF-EcN alleviated intestinal ulcers and other readouts of disease severity in murine intestinal ulcer models. EGF-EcN administration promoted the restitutive recovery of damaged epithelial layers, particularly via upward expansion of highly proliferating progenitor cells from the lower crypts. Along with the epithelial barrier benefit, EGF-EcN improved goblet cell-associated mucosal integrity, which controls the access of luminal microbiota to the underlying host tissues. Despite concern about the oncogenic action of EGF, EGF-EcN did not aggravate colitis-associated colon cancer; instead, it alleviated protumorigenic activities and improved barrier integrity in the lesions. All findings indicate that probiotic bacteria-based precision delivery of human EGF is a promising mucosal intervention against gastrointestinal ulcers and malignant distress through crypt-derived barrier restoration.
animal medicine to treat chronic inflammatory and infectious diseases of human and animal intestines (16) (17) (18) . Moreover, limited clinical investigations using EcN and other microorganisms have demonstrated that probiotic-based therapeutic application can be efficacious in patients with chronic ulcerative colitis (19, 20) and irritable bowel syndrome (21) . EcN is relatively safe for therapeutic applications because it does not cause colitis, even in gnotobiotic animals monoinoculated with the strain (22) . In terms of molecular genetics, EcN does not produce any virulence factors or carry any genes for pathogenicity traits, and it does not form enterotoxins, cytotoxins, or hemolysins (23, 24) , all of which support the general recognition of EcN as a safe organism for human use.
In our previous study, EcN was transiently constructed to secrete human EGF in conjunction with the lipase ATP-binding cassette (ABC) transporter recognition domain (LARD) via the ABC transporter and then tested for its healing actions in vitro in physical wounds in cultured cells (25) . The results suggested that recombinant bacteria had potential for use as a therapeutic agent against intestinal ulcerative and associated malignant diseases. In the present study, a bacterial ABC transporter-based secretion system was stably encoded in the bacterial chromosome as a microbial factory to facilitate the protective and prolonged actions of mucoactive EGF in the gut of experimental animals with intestinal ulcerations and malignancy as a preclinical evaluation. Moreover, assessment of the intervention in the acute and malignant niche would provide biological evidence of the safe actions of mucosal EGF from the probiotic secretion, which is a useful delivery cassette for protein therapeutics in the gastrointestinal tract.
Results

Prolonged colonization of EGF-EcN in the murine gut.
To address the effects of EGF in patients with inflammatory bowel disease (IBD), EGF receptor (EGFR) expressions were compared using 3 IBD-based data sets. The data sets consisted of gene profiles from different types of IBD, including the colon-only Crohn's disease (CD), ileocolonic CD (iCD), and ulcerative colitis (UC). Compared with the EGFR level in the healthy control, its expressions in patients with CD and UC were significantly downregulated ( Figure 1A ). In particular, tissue-specific expressions in the colon (Vimeire's data set, GEO ID GSE75214) and ileum (Haberman's data set, GEO ID GSE57945) showed significant suppression of EGFR expression in patients with lesions. Reduced expression of EGFR indicates the gastrointestinal attenuation of EGFR-associated actions in patients with IBD. Thus, it can be hypothesized that supplementation with external EGF protein would counteract clinical outcomes by enhancing ligand-activated, EGFR-mediated pharmacological actions despite reduced EGFR levels in patients. Aimed at the human EGFR of patients, the recombinant probiotic EGF-EcN was created by introducing genes encoding a human mature EGF polypeptide linked to 1 fragment of LARD3 and prtDEF, an ABC transporter of Erwinia chrysanthemi, into the EcN chromosome via recombination at the OmpC gene ( Figure 1B ). The prtDEF is composed of 3 functional units: outer membrane protein (prtF), membrane fusion protein (prtE), and ATP-binding cassette (prtD). In particular, LARD3 binds to the intracellular part of prtDEF, which guides the unfolded peptide to the transmembrane protein complex. Although human EGF is only about 80% homologous with mouse EGF (25) , it strongly activated mouse EGFR (Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.125166DS1). Based on this biochemical evidence, we assessed murine responses to human EGF-secreting EcN as a preclinical evaluation.
Before application to the mammalian gut, the carrier bacteria (EGF-EcN) was tested for its colonization activity in the gut of Caenorhabditis elegans ( Figure 1C) . The control E. coli OP50 handed over most of the gut territory to the mucoadherent EPEC. Compared with the control E. coli OP50, EGF-EcN showed successful colonization activity in the gut of C. elegans in the presence of a competitor EPEC. Next, the recombinant bacteria were assessed in the murine model. Based on the pharmacological dose in 35-to 84-day human trials (0.5 × 10 11 to 1 × 10 11 CFU/d) (26, 27) , total extrapolated loads in mice can be about 1 × 10 10 to 3 × 10 10 CFU with consideration of body weight and frequency. For safety in acute exposure, the actual treatment dose was reduced to 2 × 10 9 CFU, which corresponds to one-tenth of the total extrapolated levels. Mice were twice exposed via gavage to 10 9 CFU/0.2 ml. After 2 rounds of bacterial inoculation in the gut, the recombinant bacteria (EGF-EcN) were detected in the stool by PCR analysis using primers specific to EcN ( Figure 1D ). The number of EcN (CFU) was estimated based on the relationship between the PCR threshold cycle and the apparent number of bacteria (28) . On the 30th and 60th days after the initial 2 inoculations (2 × 10 9 CFU), bacterial colonization levels were decreased by a factor of 10 4 ( Figure 1D) . Notably, the recombinant probiotic bacteria were detected even on the 60th day after gavage, indicating long-term colonization with prolonged pharmacological actions. The recombinant EGF-EcN transformed with GFP encoding pGFP-UV vector was applied to mouse gut via gavage and visualized in the mouse intestinal mucosa. On the fourth day after gavage, the fluorescent recombinant probiotic bacteria were localized throughout the small intestine ( Figure 1E ). On the 29th day after gavage, some colonies with reduced signal were visualized in several parts of the small intestine.
Preventive or postinjury therapeutic action of EGF-EcN against colonic ulcers.
To determine whether the EGFEcN is effective in ulceration models, EGF-EcN was administered to mice with colitis by dextran sodium sulfate (DSS). Mice were pretreated with EcN or EGF-EcN by oral gavage (in total, 2 × 10 9 CFU) and then treated with 3% DSS for 5 days to induce colitis ( Figure 2A ). Because EcN has antibacterial activity ( Figure  1C ), it can affect the bacterial community in mice with colitis. Chemical-induced (DSS) colitis decreased the composition of phylum Firmicutes (Supplemental Figure 1B) and the Firmicutes to Bacteroidetes (F/B) ratio (Supplemental Figure 1C) . However, treatment with EGF-EcN did not produce significant shifts in the bacterial community, at the phylum level, of mice with colitis. However, DSS-induced loss of body weight was markedly attenuated by probiotic treatment ( Figure 2B ). Notably, EGF-EcN had more preventive effects on ulceration-associated weight loss than the native EcN. Based on the extended observation of weight recovery after ulceration, mice inoculated with EGF-EcN showed the most rapid rebound weight gain. DSS-treated mice developed colitis, which was indicated by persistent diarrhea and shrinking of the colon, common symptoms of an inflamed intestine ( Figure 2C ). The presence of blood in mouse feces was detected at 5-6 days after the start of DSS treatment, whereas gross diarrhea was initially observed on day 4. Although shortening of the colon was marginally prevented by treatment with the vehicle probiotic bacteria, the colorectum preexposed to EGF-EcN maintained nearly normal histological appearance with no diarrhea or colorectal bleeding ( Figure 2C ), indirectly substantiating the protective effects of EGF-EcN against chemical-induced murine colitis. Next, pharmacological actions of EGF-EcN were addressed at the histopathological and cytological levels. The histopathological features in murine colitis are generally characterized by crypt distortion, inflammatory cell infiltration, ulceration, and destruction of the mucosal barrier. In agreement with these well-reported events, DSS treatment increased epithelial edema, inflammatory cell infiltration, mucosal ulceration, and crypt loss (Figure 2 , D and E). In contrast, most DSS-linked histopathologic events were significantly suppressed by pretreatment with EGF-EcN, although the degree of reduction in intestinal disease scores was partial in EcN-pretreated mice ( Figure 2E ). In particular, the ulcer area was prominently reduced by treatment with EGF-EcN when compared with that in the colon epithelia of mice with DSS-induced colitis without any probiotic pretreatment ( Figure 2F ). Moreover, neutrophil infiltration in the mucosa as a readout of inflammation was visualized and quantified at original magnification ×400 ( Figure 2G ). EGF-EcN significantly attenuated mucosal inflammatory stimulation as well as the ulcerative injuries in the murine colitis model.
The preventive administration of EGF-EcN was effective against the chemical-induced colitis (Figure 2) . In terms of therapeutic aspects, the recombinant probiotic agent was also assessed as a postinjury treatment. After colitis induction, animals were orally administered EGF-EcN every 3 days and the effectiveness was monitored (Supplemental Figure 2A) . Although EGF-EcN treatment had marginal protective effects on DSS-induced weight loss during the early injury period, it partially enhanced body weight after the 12th day following DSS treatment (Supplemental Figure 2B) . The postinjury treatment with EGF-EcN also enhanced colon length in gut-injured mice (Supplemental Figure 2, C and D) . Although the preinjury Figure 1 . Construction and application of EGF-EcN in experimental gut models. (A) EGFR expression levels in the colon or ileum of patients with Crohn's disease (CD) or ulcerative colitis (UC). Three data sets (Sleiman's, Gene Expression Omnibus [GEO] ID GSE10616, n = 58; Vemeire's, GEO ID GSE75214, n = 194; and Haberman's GEO ID GSE57945, n = 322) were compared. Haberman's samples were only from the ileum from patients with UC or ileocolonic CD (iCD). The asterisks in box-and-whisker plots (min to max) represent significant differences between 2 groups (*P < 0.05, **P < 0.01, and ***P < 0.001 using 2-tailed, unpaired Student's t test). The box plot depicts the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. (B) The scheme for the bacterial secretion of LARD3-linked EGF protein through prtDEF. Genes for human mature EGF polypeptide linked to 1 fragment of LARD3 and prtDEF in pKOV vector were encoded in the bacterial chromosome by a crossing-over recombination at the OmpC region. Based on SWISS-MODEL (https://swissmodel.expasy.org/), expected binding modes in the bacterial membrane are depicted, based on SWISS-MODEL. (C) Colonization activity of E. coli OP50 and EGF-EcN in C. elegans intestine in the presence of mucoadherent enteropathogenic E. coli (EPEC). Gut colonization was assessed in wild-type (N2) C. elegans after 24 hours of preincubation with mCherry-labeled nonpathogenic E. coli (OP50 or EGF-EcN) in the presence of GFP-labeled EPEC (original magnification, ×100). The pictures are representative of 10 independent observations. (D) Stool samples from EGF-EcN-treated mice were collected at indicated times after gavage. Colonized bacteria levels were estimated based on PCR with EcN-specific primers for Muta5/6. (E) GFP-labeled EGF-EcN (1 × 10 9 CFU/200 μL) in the gut after gavage. The isolated intestines were observed on the 4th and 29th days after gavage. The colonizing bacteria were visualized in the intestine via an in vivo imaging system. Six-week-old female mice were pretreated twice with vehicle, EcN, or EGF-EcN over 7 days (n = 12-15). The mice were then exposed to 3% DSS for 5 days to induce colitis. (B) Mouse body weight was monitored for indicated times after DSS exposure. The asterisks in the graph represent significant differences from mass changes of the DSS treatment group at each time point (*P < 0.05; **P < 0.01; ***P < 0.001 using 2-tailed, unpaired Student's t test). (C) Changes in colon length were measured on the 10th day after DSS treatment (the left box) and quantitatively analyzed (the right graph). The asterisks in the box-and-whisker plot (min to max) represent significant differences between 2 groups (*P < 0.05; **P < 0.01 using 2-tailed, unpaired Student's t test). (D and G) Representative hematoxylin and eosin staining in intestinal lesions demonstrated using microscopy. Original magnification, ×100 (D), 400 (G). Scale bars: 100 μm. (E-G) Histopathological scores (E), levels of ulcer area (F), and neutrophil infiltration treatment was more notable in restoring body weight loss and colon shortening than the postinjury treatment, the colorectum exposed to EGF-EcN at the postinjury stage maintained nearly normal histological appearance (Supplemental Figure 2E ). DSS-linked histopathological severity scores (epithelial edema, neutrophil infiltration, mucosal ulceration, and crypt loss) were significantly lowered by postinjury treatment with EGF-EcN (Supplemental Figure 2F ). In particular, the ulcer area was reduced by postinjury treatment with EGF-EcN when compared with that in the colon epithelia of mice with DSS-induced colitis without any probiotic treatment (Supplemental Figure 2G ). Taken together, both pre-and postinjury treatments of EGF-EcN were effective against DSS-induced ulcers in animals, suggesting they are a promising clinical intervention for human ulcerative intestinal diseases.
Effect of released EGF on cryptic proliferation in epithelial restitution. In terms of signaling transduction, EGFR phosphorylation in the intestinal epithelia was notably increased in mice preexposed to EGFEcN whereas EcN exposure alone marginally activated EGF-linked signals ( Figure 3A ). Furthermore, whole-colon lysates were analyzed for phosphorylation of downstream effector kinases, including ERK1/2 and AKT ( Figure 3B ). Phosphorylation of ERK1/2 and AKT were significantly enhanced by treatment with EGF-EcN in vivo compared with the levels in the other groups. Delivery of EGF from bacteria to the gut lumen was evaluated in the gut. In particular, LARD-tagged EGF protein was detectable around the crypt parts of the intestinal layer, where the luminal flow is slow or stagnant. EGFR activity was elevated around the region with high levels of EcN-secreted EGF, and the relative levels of phosphorylated EGFR (p-EGFR) were enhanced by treatment with the recombinant bacteria in the colonic mucosa ( Figure 3C ). In response to ulcerative injuries, restitution or regeneration of colonic epithelial cells from the crypt is crucial for maintaining the integrity of the intestinal barrier. Expression of Sox-9 as a representative biomarker of highly proliferating gut progenitor cells was measured in gut epithelia ( Figure 4A ). EGF-EcN significantly elevated levels of Sox-9 in the cryptic epithelial cells of mice exposed to ulcerative DSS, indicating the recovery of damaged epithelial layers by promoting cell proliferation from crypt progenitors. Moreover, highly proliferating cryptic parts of epithelial layers were observed by measuring the incorporation of DNA precursor BrdU into cells ( Figure 4B ). Of interest, EGF-EcN elevated the proliferation of cryptic epithelial cells in mice exposed to ulcerative DSS whereas EcN itself marginally enhanced the proliferation compared with the controls or with mice with DSS-induced colitis. The localization of BrdU-positive cells was unrestricted in the deeper parts of the crypt, but more cells with high proliferation activities moved upward ( Figure 4B ), indicating that EGF-EcN administration promotes the restitutive recovery of damaged epithelial layers by enhancing intestinal epithelial cell proliferation and upward migration from the crypt.
Effect of probiotic EGF on gut epithelial and mucosal barrier integrity. To address the biological actions of EGF in the gut of patients with ulcerative injuries, EGFR-associated correlations with key effect molecules were assessed by examining gene expression profiles of IBD-based data sets. In terms of gut barrier integrity, junctional molecules claudin-3 (CLDN3) and zonula occludens-1 (ZO-1 or TJP1), mucin (MUC2) production, and proliferating gut progenitor biomarkers for regeneration (LGR5 and SOX9) were found to be definitely associated with EGFR in patients with intestinal ulcerative injuries (R = 0.3-0.7) ( Figure  5 , A and B). Of note, gut CLDN3, a crucial component of the epithelial tight junction, had the highest correlation with EGFR levels. Moreover, overall correlation coefficients in the colon-specific analysis were higher than the values for total gut samples from patients with IBD ( Figure 5B ). To monitor the EGF-linked biological actions, impacts of EGF-secreting bacteria were assessed by using immunohistochemical analysis of the insulted gut barrier of the experimental model. Because DSS-induced ulcerative injuries can be associated with gut barrier disruption or epithelial cell death, we assessed the related readouts by measuring the expression of junctional proteins (claudin-3 and TJP1) ( Figure 5 , C and D) and cytotoxicity-related genes (cleaved caspase-3) ( Figure 5E ). Exposure to ulcerative DSS downregulated expressions of claudin-3 and TJP1 in the gut epithelial layer, which were counteracted by treatment with EcN or EGF-EcN ( Figure  5 , C and D). Of note, EGF-EcN was prominent in attenuating the barrier disruption-related features. In terms of intestinal apoptosis, DSS treatment increased epithelial cleaved caspase-3 activation, but EGFEcN-treated hosts showed reduced apoptosis responses in the gut barrier (Figure 5E ).
(G, red arrows) were compared between the DSS and EcN or EGF-EcN treatments. Results are shown as mean ± SEM (E) or box-and-whisker plots (min to max) (F and G). Different letters represent a significant difference between groups in each parameter (P < 0.05 using 1-way ANOVA with the Newman-Keuls post hoc test). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range.
In addition to the impacts on the junctional and adhesion molecules, the apical integrity of the gut barrier was assessed by measuring the distribution of apical F-actin (phalloidin staining). Closer observation of the murine intestinal epithelial barrier by staining of F-actin indicated that DSS treatment severely disrupted F-actin-based apical projections in the mouse gut epithelial lining, in which more F-actin molecules (A-C) Six-week-old female mice were pretreated twice with vehicle, EcN, or EGFEcN over 7 days (n = 12-15). The mice were then exposed to 3% DSS for 5 days to induce colitis. (A) Insulted colons were analyzed by IHC using the phosphorylated EGFR (p-EGFR) antibody with hematoxylin counterstaining. A microscopy image at original magnification of ×200 is shown at left. The relative density of p-EGFR was measured by using the HistoQuest tissue analysis software (each histogram of events with increasing diaminobenzidine (DAB) levels, described in the Methods section in detail). A quantitative comparison is shown in the right graphs. Scale bar: 100 μm. Results are shown as a box-and-whisker plot (min to max), and different letters represent a significant difference between groups (P < 0.05 using 1-way ANOVA with the Newman-Keuls post hoc test). (B) Each group of mouse colon lysates was subjected to Western blot analysis. The blots are representative of 3 independent experiments. (C) Eight-week-old female C57BL/6 mice were infected with 1 × 10 9 EcN or EGF-EcN via oral gavage twice at 3-day intervals, and mouse gut was isolated on the third day after the second inoculation. LARDtagged EGF secreted from the EGF-EcN and activated EGFR were detected in the colonic mucosa. The white arrows indicate EGFR-Tyr1068 (green) in the mucosa, and the numbers in the upper left represent the relative levels of LARD-EGF or p-EGFR. Relative levels of p-EGFR in mucosa were compared in the box-and-whisker plot (min to max) (right), and the asterisks represent a significant difference between 2 groups (***P < 0.001 using 2-tailed, unpaired Student's t test).
spread into the basolateral regions and even into the basement membrane ( Figure 6A ). However, treatment with EGF-EcN suppressed the disruption of the apical integrity in the intestinal epithelial layer. Along with the epithelial integrity improvement, mucosal layer integrity was improved by the recombinant probiotic bacteria because the organized secretion of mucus is facilitated by goblet cells, a secretory component of the epithelial lining of the gut mucosa. DSS treatment decreased the mucus secretion, which was notably restored by EGF-EcN treatment ( Figure 6B ). EcN also slightly improved the secretion of the mucus in insulted small intestine ( Figure 6B ), whereas it had marginal impacts on intestinal mucin secretion, Sox-9, and p-EGFR levels in the mice without ulcerative injuries (Supplemental Figure 3, A-C) . Consequently, the improved secretion of mucus by EGF-EcN increased the thickness of the mucosal layer under the microbiota ( Figure 6C ). EGF-EcN-enhanced mucus secretion contributed to the improved integrity of the mucosal layer, which would limit luminal bacteria access. Because mice with chemical-induced colitis displayed disruption of epithelial and mucosal barriers, size-selective molecular translocation through the barriers can collapse. As another sign of a leaky gut barrier, large quantities of FITC-dextran were detected in the serum of mice with ulcerative injuries after oral administration. However, treatment with Six-week-old female mice were pretreated twice with vehicle, EcN, or EGF-EcN over 7 days (n = 12-15). The mice were then exposed to 3% DSS for 5 days to induce colitis. (A) Sox-9 was detected and counterstained with hematoxylin (original magnification, ×200). Scale bar: 100 μm. Each histogram represents events with increasing DAB levels. A quantitative comparison is shown in the right graph. The asterisks represent significant differences between the 2 groups (**P < 0.01; ***P < 0.001; not significant [ns] using 2-tailed, unpaired Student's t test). (B) Mouse colon tissues were stained for BrdU incorporation, and the nuclei were counterstained with hematoxylin (original magnification, ×100; inset magnification, ×600). Scale bar: 100 μm. The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range.
Figure 5. Links of EGFR expressions to gut barrier integrity. (A and B)
The EGFR expressions were correlated with genes associated with gut barrier integrity (CLDN3, TJP1, MUC2, LGR5, and SOX9) in intestines of patients with IBD (Sleiman's, GEO ID GSE10616, n = 58; Vemeire's, GEO ID GSE75214, n = 194; and Haberman's GEO ID GSE57945, n = 194). Analysis of Vemeire's samples was performed with colonic mRNA (B). All values were based on Pearson's correlation analysis (R, Pearson's correlation coefficient). (C-E) Six-week-old female mice were pretreated twice with vehicle, EcN, or EGF-EcN over 7 days (n = 12-15). The mice were then exposed to 3% DSS for 5 days to induce colitis. Claudin-3 (C), TJP1 (D), and cleaved caspase-3 (E) were detected and counterstained with hematoxylin (original magnification, ×200; inset magnification, ×800). Scale bar: 100 μm. A quantitative comparison is shown in each right graph. The asterisks represent significant differences between 2 groups (*P < 0.05; **P < 0.01; ***P < 0.001; ns using 2-tailed, unpaired Student's t test). The mice were then exposed to 3% DSS for 5 days to induce colitis. (A) Gut epithelia were stained with DAPI (blue) and phalloidin-TRITC (red) to stain nucleic acid and F-actin (original magnification, ×400; inset magnification, x8000). Scale bar: 100 μm. White arrows indicate the spread of apical F-actin into the basement membrane. TRITC, tetramethylrhodamine. (B) Colons were isolated for mucin analysis. Secreted and intracellular mucins were stained with Alcian blue (blue colored, original magnification, ×400. Scale bar: 100 μm). Each histogram represents events with increasing Alcian blue levels. A quantitative comparison is shown in the lower graph. (C) Gram staining to determine the accessibility of the total gut bacteria to the epithelial barrier (original magnification, ×400. Scale bar: 100 μm). The asterisks represent significant differences between 2 groups (each lower graph in A, B, and C) (**P < 0.01; ***P < 0.001 using 2-tailed, unpaired Student's t test). (D) Intestinal permeability was evaluated at 3 hours after oral administration with FITC-conjugated dextran (150 mg/kg body weight). Results are shown as the box-and-whisker plot (min to max), and different letters represent significant differences between groups (P < 0.05 using 1-way ANOVA with the Newman-Keuls post hoc test). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. Figure 6D ). To test whether the protective actions of EGF-EcN were accomplished through EGFR, we assessed the effects of EGFR inhibition on DSS-induced murine colitis ( Figure 7A) . A specific chemical inhibitor (AG1478) significantly attenuated EGFR activation by EGF-EcN in the gut mucosa ( Figure 7B ). Chemical inhibition of EGFR signaling also significantly attenuated EcN-or EGF-EcN-induced beneficial actions in the same DSS-induced colitis model ( Figure 7C and Supplemental Figure 4, A and B) . EGFR inhibition aggravated histology-based disease severity, manifesting as inflammation, crypt loss, and degree of ulcer area, in EcN-or EGF-EcN-treated mice under ulcerative stress (Supplemental Figure 4, A and B) . Moreover, the recombinant bacteria-restored mucus secretion and thickening of the mucosal layer above the epithelial lining were also dependent on the EGFR-linked signaling pathway ( Figure 7 , D and E). Taken together, the engineered probiotic bacteria improved the colitis-associated pathological severity and gut barrier integrity in EGFR-dependent manners.
EGF-EcN attenuates ulcerative injuries in small intestine. Nonsteroidal antiinflammatory drugs (NSAIDs) are widely reported to cause severe ulcers in the upper gastrointestinal (GI) tract (29, 30) . Moreover, with the recent increased use of sustained-release or enteric-coated formulations of NSAIDs, NSAID-induced damage to the distal GI tract, where the effects are difficult to monitor, has become more frequent (31) . In the present study, an indomethacin-induced small intestinal injury model (32, 33) was used to assess the preventive action of EGF-EcN. As expected, the gross anatomy results demonstrated that lesions in the small intestine were increased by indomethacin treatment ( Figure 8A ). Of note, oral administration of indomethacin induced extensive spots of hemorrhage along the lining of the small intestine (Figure 8A) . In contrast, the pathological events were attenuated in mice preexposed to EGF-EcN ( Figure  8B ). Histological examination showed defective villi, epithelial stratification, basal lamina degeneration, and infiltration of inflammatory cells into the epithelium of the small intestine of mice from a single indomethacin treatment. However, preexposure to EGF-EcN decreased scores for histopathological indexes related to small intestinal injury, such as inflammation, ulceration, crypt loss, and edema (Figure 8B) . In detail, neutrophil infiltration as a biomarker of inflammation in the mucosa was visualized and quantified at original magnification ×400 ( Figure 8C ). Pretreatment with EGF-EcN significantly attenuated mucosal inflammatory stimulation as well as the ulcerative injuries in the NSAID-induced intestinal injury model. Moreover, ulcer area was prominently reduced by pretreatment with EGF-EcN when compared with that in the small intestinal epithelia of mice exposed only to indomethacin without any probiotic pretreatment ( Figure 8D ). In contrast with the preventive actions of EGF-EcN against NSAID-induced ulcerative injuries in the small intestine, the postinjury treatment with EGF-EcN was ineffective in mitigating the acute hemorrhagic toxicity in the small intestine (Supplemental Figure 5A) . Histology-based disease severity, manifested as inflammation, ulceration, crypt loss, and edema, were not attenuated by the postinjury treatment of EGF-EcN (Supplemental Figure 5B) . Moreover, quantitative analysis of ulcer area (Supplemental Figure 5C ) confirmed the ineffectiveness of postinjury application of EGF-EcN against NSAID-induced intestinal injury.
In response to ulcerative insult, the proliferation of cryptic progenitor cells is expected to increase to compensate for the loss of the epithelial barrier, as shown in the DSS-induced colitis model. When the proliferation of progenitor cells was monitored by a tissue BrdU incorporation assay, indomethacin exposure also increased the number of highly proliferating epithelial cells per villus, and a greater increase was observed in response to pretreatment with EGF-EcN ( Figure 9A) . Moreover, the localization of BrdU-positive cells was not restricted in the lower parts of the villus, and more cells with high proliferation activities moved upward ( Figure 9B ), indicating that EGF-EcN administration promotes the restitutive recovery of damaged epithelial layers by enhancing cellular proliferation and migration from crypt parts of the small intestine. As a biochemical response to EGF, murine pretreatment with EGF-EcN also enhanced EGFR phosphorylation in the small intestinal epithelia, as shown by the immunohistochemical results ( Figure 9C ). As a growth min to max, based on fluorescence microscopy observations, shown at right) (*P < 0.05; **P < 0.01; ***P < 0.001; ns using 2-tailed, unpaired Student's t test). (C) Representative hematoxylin and eosin (H&E) staining of the intestinal lesions as demonstrated by microscopy (original magnification, ×200). Scale bar: 100 μm. (D) Colons were isolated for analysis of goblet cells and mucin production and were stained with Alcian blue (original magnification, ×400. Scale bar: 100 μm). Each histogram represents events at an increasing Alcian blue level. A quantitative comparison is shown in the right graph (*P < 0.05; **P < 0.01; ***P < 0.001; ns using 2-tailed, unpaired Student's t test). (E) Gram staining (original magnification, ×400. Scale bar: 100 μm). The asterisks represent significant differences between 2 groups (the right graph) (**P < 0.01; ***P < 0.001 using 2-tailed, unpaired Student's t test).
Figure 8. Effects of EGF-EcN on NSAID-induced ulcerative injuries in the small intestine.
Ten-week-old male mice were pretreated twice with vehicle, EcN, and EGF-EcN over 7 days (n = 12). The mice were then treated with 30 mg/kg of indomethacin via gavage. (A) At 24 hours after indomethacin treatment, tissues were observed in "Swiss rolls" of small intestines and analyzed using a stereoscopic microscope. The white arrows indicate hemorrhages along the line of intestines. Inset magnification, x18. (B-D) At 24 hours after indomethacin treatment, tissues were assessed for H&E staining patterns (B, upper), pathological severity score (B, lower), neutrophil infiltration (C, the representative images and the quantitation in the right graph), and ulcer area (D). Results in B are shown as mean ± SEM with asterisks representing significant differences between 2 groups (*P < 0.05; **P < 0.01; ***P < 0.001 using 2-tailed, unpaired Student's t test). Scale bars: 100 μm. Different letters (C) represent significant differences between groups (P < 0.05 using 1-way ANOVA with the Newman-Keuls post hoc test). The asterisks in the box-and-whisker plot (min to max, D) represent significant differences between 2 groups (*P < 0.05; **P < 0.01; ***P < 0.001 using 2-tailed, unpaired Student's t test). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range.
factor response, expression of Sox-9 as a representative biomarker of proliferating gut progenitor cells in the cryptic area was also enhanced by colonization of EGF-EcN in indomethacin-induced intestinal ulcer models ( Figure 9D ). Taken together, pretreatment with the recombinant probiotic EGF-EcN promoted the intestinal wound healing process by enhanced proliferation of gut epithelial progenitor cells in the murine small intestinal ulcer model, indicating a promising preclinical pathway toward ultimate human uses.
EGF-EcN mitigates colitis-associated cancer in a mouse model. Although EcN-EGF was an effective regulator of inflammatory and ulcerative intestinal diseases, EGF could be detrimental because of its growth-promoting action for tumor cells. On the basis of this concern, EGF-EcN was assessed for its chronic effects on malignant diseases, such as inflammation-associated cancers. After a mutagenic hit by azoxymethane (AOM), 3 DSS-induced insults caused severe inflammation and subsequently increased colorectal tumors in the mouse model. EGF-EcN or EcN (2 × 10 9 CFU) was administered after each of the 3 DSS insults, and symptoms of the treated mice were monitored ( Figure 10A ). The remaining number of EcN (CFU) in the gut was estimated based on the relationship between the PCR threshold cycle and the apparent number of bacteria (28) . On the 85th day after sequential inoculations (in total, 3 × 2 × 10 9 CFU) after each round of chemical-induced ulcerative injury, the bacterial colonization levels were decreased by a factor of 3500 ( Figure 10B ). EGF-EcN treatment did not exacerbate the body weight fluctuation but slightly enhanced weight restoration after the final exposure to DSS while EcN treatment did not improve this event efficiently ( Figure 10C ). Although the recombinant probiotic EGF-EcN treatment marginally improved AOM/ DSS-induced colon shortening, it attenuated severe hemorrhoid protrusion by AOM/DSS treatment (Figure 10D) . Furthermore, the histopathological observation of the gut demonstrated that EGF-EcN treatment significantly reduced the number of colon tumor masses ( Figure 10 , E and F) and tumor area ( Figure  10G ). Additional histological quantitation showed that the frequencies of the large tumors (>0.9 mm 2 ) in mice treated with EGF-EcN was only 30% of the group without the probiotic exposure ( Figure 11A) . Moreover, the amount of high-grade dysplasia was also decreased by the recombinant probiotic bacteria ( Figure 11B ). Along with the effects of the recombinant probiotics on adenoma, the fibrosis-related signs were also assessed in the tumor mass. AOM/DSS exposure increased collagen deposition in both the mucosa and submucosa layers of the colon, which was attenuated by EGF-EcN treatment ( Figure 11C ). As another biomarker of fibrosis, α-SMA expression in the tumor mass was also lowered by treatment with EGF-EcN ( Figure 11D) .
Although EGF-EcN definitely functioned in normal and malignant colonic tissues by activating EGFR (Figure 12A ), the numbers and sizes of the epithelial tumors in the mucosa decreased in response to EGFEcN (Figure 10 , E-G). In addition, the increase in tumor mass was measured by staining Ki-67, a representative biomarker of the proliferative activities. EGF-EcN treatment significantly reduced cell proliferation activity in the tumor mass although the normal-appearing parts of the gut epithelia were positively responsive to proliferation signals by EGF-EcN ( Figure 12B ). Compared with the prominent expression of Ki-67 in the cryptic parts, in the normal-appearing parts, adenoma displayed a relatively even level of expression of the protein throughout the epithelial tumor tissue. Moreover, expression of Sox-9 as a self-renewal and proliferation marker of colorectal cancer (34) was also downregulated in the tumor mass by the recombinant probiotic bacteria ( Figure 12C ). Despite extensive activation of an EGFR-linked signal, cell growth-related fingerprints in the tumor mass faded with EGF-EcN colonization. In spite of the growth factor-linked signaling stimulation by EGF-EcN, the mass growth responses were attenuated in the adenoma of the gut mucosa. To determine the mechanistic implications, we revisited the barrier-protective actions of EGF-EcN in the colitis model. Similar to EGF-EcN-enhanced barrier integrity in mice with colitis, the recombinant Figure 9 . EGF-EcN-mediated actions in cell proliferation in NSAID-induced ulcer. Ten-week-old male mice were pretreated twice with vehicle, EcN, and EGF-EcN over 7 days (n = 12). The mice were then treated with 30 mg/kg of indomethacin via gavage. (A) Mouse small intestinal tissues were stained for BrdU incorporation while the nuclei were counterstained with hematoxylin (original magnification, ×200). Scale bar: 100 μm. The BrdU-positive cells per villus were counted and the counts compared (***P < 0.001 and ns using 2-tailed, unpaired Student's t test). (B) The vertical intestinal villus was divided into the crypt part and the middle villus part. BrdU-positive cells in each part were counted per villus. Results are shown as the box-and-whisker plot (min to max), and different letters represent significant differences between groups (P < 0.05 using 1-way ANOVA with the Newman-Keuls post hoc test). The box plots depict the minimum and maximum values (whiskers), the upper and lower quartiles, and the median. The length of the box represents the interquartile range. (C) IHC staining using anti-p-EGFR antibody was assessed under the microscope (original magnification, ×200). Scale bar: 100 μm. (D) Mouse small intestinal tissue was stained to detect Sox-9 protein and counterstained with hematoxylin. Each histogram represents events at an increasing DAB level. Scale bar: 100 μm. A quantitative comparison is shown in the graphs (C and D, *P < 0.05; **P < 0.01; ***P < 0.001 using 2-tailed, unpaired Student's t test). The asterisks in box-andwhisker plots (min to max) (D, F, and G) represent significant differences between 2 groups (*P < 0.05; **P < 0.01; ***P < 0.001; ns using 2-tailed, unpaired Student's t test).
probiotic treatment enhanced mucus production in both the normal-appearing parts and the tumor mass ( Figure 13A) . Moreover, the apical integrity of the epithelial lining of the gut was improved by EGF-EcN in the colitis-associated cancer model ( Figure 13B ). Close observation of F-actin indicated that the tumor-inducing treatment (AOM/DSS) severely disrupted F-actin-based apical projections in the mouse gut epithelial lining, where quantities of F-actin spread into the basolateral regions and even into the basement membrane ( Figure 13B ). Treatment with EGF-EcN significantly prevented disruption of the apical arrangements in the gut epithelial layer. Based on a transcriptomic analysis using clinical data sets of patients with IBD, EGFR expression was positively correlated with the expression of genes for junctional molecules CLDN3 and TJP1 (ZO-1), which are crucial in the maintenance of gut barrier integrity in patients with IBD ( Figure  5, A and B) . In the present colitis-associated cancer model, EGF-EcN notably elevated ZO-1 expression in both the normal-appearing gut parts and the gut adenoma ( Figure 13C ). Using the in vitro cancer cell model, EGF-EcN was also shown to induce expressions of ZO-1 and CLDN3, both of which were dependent on the EGFR-linked signaling pathway ( Figure 13D) . Furthermore, because disruption of the gut barrier shown in the right graph (*P < 0.05; **P < 0.01; ***P < 0.001 using 2-tailed, unpaired Student's t test).
facilitates exposure to gut bacteria and subsequent proinflammatory stimulation, EGF-EcN-improved barrier integrity may suppress an inflammatory insult from the gut lumen. EGF-EcN treatment significantly suppressed neutrophil infiltration in the mucosa of mice with colitis-associated colorectal cancers ( Figure  13E ). Moreover, proinflammatory cytokines, such as interleukin 6 (IL-6) and tumor necrosis factor-α, were measured in the blood circulation in the present cancer model. In particular, EGF-EcN treatment led to a Figure 12 . Effects of EGF-EcN on the cell growth signaling in mice with colitis-associated cancer. Tumors were assessed in C57BL/6 mice using AOM/DSS along with EcN and EGF-EcN treatment as depicted in Figure 9A (n = 10-20). (A) The expression of active EGFR in colons of the AOM/DSS-induced cancer model was compared (original magnification, ×200). Scale bar: 100 μm. Relative density of p-EGFR was measured by using HistoQuest tissue analysis software. (B) The extent of cell proliferation in colons of the AOM/DSS-induced cancer model was determined by measuring the expression of Ki-67 in the tumor mass (original magnification, ×200). Scale bar: 100 μm. Blue arrows indicate high expressions in the cryptic parts. (C) Sox-9 expression in colons of the AOM/DSS-induced cancer model was determined (original magnification, ×200). Scale bar: 200 μm. Each histogram represents events at an increasing DAB level. A quantitative comparison is shown in the right graph (*P < 0.05; **P < 0.01; ***P < 0.001 using 2-tailed, unpaired Student's t test).
notable decrease in serum IL-6 production in response to tumor formation ( Figure 13F ). Taken together, EGF-EcN treatment did not aggravate the progression of colitis-associated cancer and even improved gut barrier integrity and decreased inflammatory readouts, which could relieve concerns about the chronic use of mucosal EGF by probiotic bacteria-based delivery.
Discussion
In the present study, we improved the quality of the EcN probiotic factory by introducing secretion systems for therapeutic proteins in insulted gut epithelia. Preventive and postinjury treatment with EGF-EcN showed persistent colonization (even after more than 1 month) and alleviated ulcerative injuries in murine small and large intestines by stimulating epithelial restitution. Although EcN itself exerted some protective effects on the insulted intestine, secreted EGF enhanced the wound healing actions via elevation of the integrity of the gut epithelial and mucosal barrier in mice with colitis or colitis-associated tumor.
Although EGF could be beneficial in the treatment of acute ulcerative injuries by inducing mucosal healing and minimizing luminal bacteria-induced inflammation, systemic use of EGF would obviously be limited by concern about its ability to promote abnormal epithelial growth and tumorigenesis. This concern may limit the duration of topical EGF therapies for the treatment of ulcerative diseases, including IBD. In this study, short-term treatment using topical EGF appeared to achieve clinical remission; moreover, repeated treatment with EGF-EcN did not promote dysplastic growth in the setting of chronic epithelial inflammation and AOM/ DSS-induced tumorigenesis, even suppressing mitogenic (cell growth-promoting), fibrogenic, and inflammatory levels. In agreement with our present results, EGFR inhibition can retard colitis-associated cancer (CAC), although EGFR monoclonal antibodies or EGFR inhibitors are promising interventions in the treatment of colorectal cancer (35) . In particular, loss of EGFR signaling increases tumor progression in the AOM/DSSinduced CAC model because EGFR actually acts as a tumor suppressor, likely through stimulation of epithelial regeneration and thus reducing mucosal inflammatory stimulation (35) . In the present experimental niche, EGF-EcN-exposed normal epithelia show wound-promoting activities whereas EGF-EcN retarded tumor mass growth potency. EGF-EcN-induced maintenance of epithelial wound healing and integrity under malignant insults could be beneficial because it may prevent barrier disruption-induced inflammatory insults. Moreover, in the CAC model, EGF-EcN suppressed levels of mitogenic readouts (Ki-67 or Sox-9) in the tumor mass while elevating their expression in the normal parts. This differential outcome can be explained in terms of gut barrier integrity. EGF-EcN enhanced barrier integrity via epithelial cell junctions, apical projection of cytoskeleton, and mucus secretion, all of which may limit excessive access of gut microbes and subsequent proinflammatory insult. Mucosal inflammatory cells produce a wide array of reactive oxygen and nitrogen species, various cytokines, and mitogenic growth factors that can favor tumor growth and sustainability (36) . Therefore, the barrier-protective actions of recombinant bacteria are expected to prevent microbe-induced inflammation and subsequent formation of growth-promoting tumor niches. The severely injured parts or adenomas can allow more microbial access from the gut lumen than that allowed by normal or intact parts, which keep their barrier integrity. Therefore, mitogenic stimulation would be higher in injured or transformed parts than in normal regions. Compared with the mitogenic signals related to gut bacteria-induced inflammatory insult, EGF-EcN-induced cell growth signals would be meager in the injured parts. However, EGF-EcN improved barrier integrity, which efficiently reduced the mitogenic signals associated with gut microbe-induced inflammatory stress. Therefore, cell growth responses (Ki-67 and Sox-9) were attenuated by EGF-EcN in the adenoma whereas the normal-appearing parts were well responsive to EGF-induced growth-promoting signals in the present study. Moreover, recent evidence suggests that EGFR-linked signaling pathways regulate features of cancer stem-like cells and subsequently reduce the clonogenicity of cancer cells (37) (38) (39) . These observations are consistent with the patterns of Sox-9, as a biomarker of self-renewal and proliferation in the tumor mass, Figure 13 . Barrier regulation by EGF-EcN in colitis-associated cancer. Tumors were assessed in C57BL/6 mice using AOM/DSS along with EcN and EGF-EcN treatment (n = 10-20) (A-C, E, F). (A) Colons (tumor mass and normal parts) were isolated for analysis of goblet cells and mucin production and stained with Alcian blue (original magnification, ×100. Scale bar: 100 μm). (B) Gut epithelia (tumor mass and normal parts) were stained with DAPI (blue) and phalloidin-TRITC (red) to stain nucleic acid and F-actin (original magnification, ×400; inset magnification, x8000). Scale bar: 100 μm. (C) ZO-1 expression in colons of the AOM/DSS-induced cancer model was determined (original magnification, ×100). Scale bar: 100 μm. Each histogram represents events at an increasing DAB level. A quantitative comparison is shown in the right graph (A-C, *P < 0.05; **P < 0.01; ***P < 0.001 using 2-tailed, unpaired Student's t test). (D) HCT-8 cells were pretreated with AG1478 (10 μM) for 1 hour and then incubated with EcN or EGF-EcN for 12 hours. Cellular RNA was analyzed using quantitative PCR (n = 3; **P < 0.01 using 2-tailed, unpaired Student's t test). (E and F) Neutrophil infiltration (E) in the tumor mass and serum cytokine levels (F) in the AOM/DSS-induced murine tumor model (*P < 0.05; ***P < 0.001 using 2-tailed, unpaired Student's t test).
observed in the present study. EGF-EcN markedly suppressed the stemness biomarker in the tumor mass while the EGF-induced growth signals were maintained in the normal-appearing parts. Accordingly, EGF-mediated regulation of cancer stem cells can be another beneficial action against chronic epithelial distress, such as epithelial tumorigenesis. These positive previous reports and our current results relieve concerns about the chronic use of EGF-EcN and its prolonged colonizing activity in the gut. However, the differential regulation of cellular growth and stemness between normal and tumor tissues could be further addressed for improved understanding of the action of EGF-EcN.
The results of the present study were in accordance with those of previous studies into the beneficial actions of EcN, which has been evaluated in recent years as a probiotic bacterial treatment of human gastrointestinal ulcerative diseases (40, 41) . However, its beneficial actions vary depending on the experimental models used (40) (41) (42) (43) . Although EcN has been used to maintain and induce clinical remission in UC, there is no reported benefit when using EcN as an add-on treatment to conventional antibiotic therapies for active UC (42) . EcN treatment without a previous antibiotic cure resulted in fewer patients reaching clinical remission compared with conventional therapies, suggesting that EcN is efficient in remission and that patients with UC flare-ups could benefit from EcN treatment preceded by antibiotics (42) . An extension of this concept is that bacteria can be engineered to generate wound healing modulators, such as EGF. In this study, we present evidence that such engineering may improve the benefit of natural EcN, which has been somewhat controversial in clinical trials. In addition to EGF-EcN, treatment with EcN itself was also partly protective against ulcerative injuries. Moreover, the inhibitor of EGFR tyrosine kinase attenuated the actions of EcN against ulcerative injuries in the murine model. Mechanistically, in addition to EGF itself as a strong canonical ligand to EGFR, other ligands, such as bacterial products, can activate EGFR via noncanonical ligand-induced activation or intracellular signaling crosstalk with their specific receptors (44, 45) . Therefore, the possibility that bacteria-responsive factors or endogenous components of EcN can stimulate EGFR-mediated cytoprotection during gut inflammation cannot be excluded. As another gut-protective mediator, probiotic bacteria-derived soluble proteins, such as the p40 protein from Lactobacillus rhamnosus GG, can activate an EGFR-linked signal, which can mediate antiapoptotic and antiinflammatory actions of the probiotic bacteria (46) . Moreover, EcN itself can act favorably by enhancing the mucosal barrier integrity, particularly through upregulation of tight junction-associated proteins in the epithelial layer, although bacterial mediators have not been identified in this regulation (47) . However, because these beneficial actions of EcN on the gut barrier are controversial or marginal, depending on the exposure regime, additional investigations are warranted.
Epithelial integrity via junctional fortification is critical to maintaining active fluid absorption, and its disruption may lead to leaky gut syndrome and noninfective diarrhea because translocation of the commensal bacteria through the disrupted gut barrier may trigger pathological hypersensitive immune activation of underlying lymphocytes. Moreover, EGF secreted from EcN or EGFR-linked signaling can contribute to the maintenance of barrier integrity by modulating tight junction proteins in various intestinal injury models (48) (49) (50) , indicating the beneficial actions of EGF-EcN against barrier disruption in the present study model. Moreover, EGF-EcN was shown to attenuate goblet cell depletion and mucin suppression in the insulted gut environment in the present study. Signaling activation by EGF has been reported to stimulate goblet cell growth and secretion in the mucosal epithelia (51, 52) . In addition to the protective actions of the recombinant probiotic bacteria in the colon, EGF-EcN alleviated ulcerative injuries in the small intestine in similar ways. EcN has been shown to act in both the large and small intestines (53, 54) . In particular, the production of neuroendocrine hormones and drug metabolic enzymes is altered by EcN in the small intestine, suggesting complicated involvement of EcN-induced epithelial stimulation in the small intestine. Because recombinant EcN can colonize and act in broad parts of the murine intestine, location-specific and systematic approaches are required to obtain an accurate description of the actions of the recombinant probiotic bacteria for human use. In the present study, constitutive EGF-EcN was shown to be a promising therapeutic biomaterial against ulcerative injuries in the intestine, and the results provide crucial preclinical evidence of its effectiveness for clinical trials. However, careful assessments are needed for safe application in humans because of their more heterogeneous gut luminal environment, including different gut microbiota and diet. The present assessment of EGF-EcN improved the gut luminal interface with the microbiota via improved epithelial and mucosal integrities, which may limit gut bacterial access and microbe-derived inflammatory insult. In the present study, mice with colitis displayed a low F/B ratio, an indicator of dysbiosis, but EGF-EcN-induced changes in the bacterial community were marginal. However, the detrimental effect of the changed microbiota composition can be minimized because of the tighter and thicker barrier facilitated by the recombinant probiotic traveler.
Methods
Supplemental Methods are available online with this article.
Cell culture. The human intestinal epithelial cell line HCT-8 was purchased from the American Type Culture Collection. The cells were maintained in RPMI 1640 medium (Welgene) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS; Wellgene), 50 U/ml penicillin, and 50 μg/ml streptomycin (Welgene). Cells were maintained at 37°C in humidified 5% CO 2 incubators. The cell numbers and viability were assessed by the exclusion of trypan blue dye (Merck) using a hemocytometer.
Bacterial growth conditions and in vivo application. Bacterial strains used in this study include E. coli K12 and EcN. The EcN was provided by Ardeypharm GmbH. To secrete human EGF by ABC transporter, human EGF was fused with LARD. We inserted human EGF-LARD and ABC transporter of E. chrysanthemi, prtDEF, in the genome of EcN by using pKOV, a gene replacement vector. Each strain was routinely grown at 37°C in Luria-Bertani (LB) medium to an optical density at 600 nm of approximately 1, washed by centrifugation (168 g, 5 minutes), and resuspended in serum-free RPMI medium. For probiotic treatment, mice received 2 intragastric gavages with 0.2 ml of a suspension containing 9.0 log 10 CFU/ml of EcN for 10 days before colitis induction. To assess bacterial colonization in the gut, recombinant bacteria transformed with pGFP-UV plasmid were applied to the mice via gavage, and the green fluorescence in the isolated intestine was detected by using a fluorescence in vivo imaging system (FM03-B, NeoScience).
Colonization activities of EGF-EcN in the gut of C. elegans. Bacterial strains were cultured in LB broth containing 1% mannose (EPEC) or 50 μg/ml streptomycin (OP50). Wild-type C. elegans (N2) obtained from the Caenorhabditis Genetics Center (Minneapolis, Minnesota, USA) were maintained on Nematode Growth Medium (NGM; 50 mM NaCl, 1.7% Agar, 0.25% peptone, 1 mM CaCl2, 5 μg/ml of cholesterol, 1 mM MgSO4, and 25 mM KPO4 in dH 2 O; made in house). L4 stage nematodes were inoculated for 24 hours on E. coli OP50-or EGF-EcN-spread NGM plates that included 50 μM Fluorodeoxyuridine (FUdR; MilliporeSigma). The pretreated worms were infected with GFP-expressing EPEC for 24 hours and were then incubated in a levamisole-M9 solution containing 100 μg/ml gentamycin (MilliporeSigma) for 45 minutes to remove external bacteria before analysis.
Analysis of colon or ileal mRNA of patients with IBD. Three human intestinal tissue data sets were obtained from the gene expression array of patients with IBD (Sleiman's, GEO ID GSE10616, n = 58; Vemeire's, GEO ID GSE75214, n = 194; and Haberman's, GEO ID GSE57945, n = 322). The 3 major clinical subsets of IBD include colon-only CD, iCD, and UC. The Haberman's samples (GEO ID GSE57945, n = 322) were from ileal biopsies obtained during diagnostic colonoscopies of children and adolescents, aged less than 17 years, who presented with IBD-like symptoms. These experiments tested differential colon or ileal gene expressions in these 3 types of IBD relative to those in healthy control samples and the local degree of mucosal inflammation as measured by determining the CD histological index of severity. Samples were obtained from the most proximal affected segment of the colon or ileum. Sample values were normalized against internal controls.
EcN-specific detection using PCR. Feces of mice treated twice with 1 × 10 9 EGF-EcN were collected at 5, 30, and 60 days after gavage. DNA was extracted according to the indicated method by using a stool DNA mini kit (GeneAll). Supernatant from 100 mg of stool in PBS was collected for DNA isolation after homogenization and centrifugation. The isolated DNA was used as a template and detected using 2 EcN-specific primers (Muta5/6 and Muta7/8). The following primers were used for PCR: Muta5/6, 5′-AACTGTGAAGCGATGAACCC-3′ and 5′-GGACTGTTCAGAGAGCTATC-3′; Muta7/8, 5′-GAC-CAAGCGATAACCGGATG-3′ and 5′-GTGAGATGATGGCCACGATT-3′.
Murine intestinal injury. The mice were purchased from The Jackson Laboratory and allowed to acclimate for 7 days. All mice were individually housed in ventilated cages with free access to feed and water and acclimated to standard laboratory conditions (12-hour light/12-hour dark cycle, temperature 22°C ± 1°C). For the DSS model, female 8-week-old C57BL/6 mice were observed because male mice are more sensitive to DSS than female mice and tend to show higher mortality when acutely exposed to DSS (55, 56) . To induce large intestinal injury, mice were administered 3% (w/v) DSS (36,000-50,000 Da; MP Biomedical) ad libitum in drinking water for 5 days. Control mice received regular drinking water during the entire experiment. All animals were sacrificed under deep ether anesthesia. For the indomethacin model, the male C57BL/6 mice were 10 weeks old and weighed 20-23 g. To induce small intestinal injury, the mice were given indomethacin (30 mg/kg, oral gavage) after fasting for 18 hours. Twenty-four hours later, they were assessed. For the AOM/DSS-induced colon tumorigenesis model, 7-week-old female C57BL/6 mice were given a single intraperitoneal injection of AOM at a dose of 10 mg/kg, followed by 3 cycles of
